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The superconductivity of cuprates, which has
been a mystery ever since its discovery decades
ago, is created through doping electrons or
holes into a Mott insulator1,2. There, how-
ever, exists an inherent electron-hole asymme-
try in cuprates3. The layered crystal struc-
tures of cuprates enable collective charge excita-
tions fundamentally different from those of three-
dimensional metals, i.e., acoustic plasmons4–6.
Acoustic plasmons have been recently observed
in electron-doped cuprates by resonant inelastic
X-ray scattering (RIXS)7,8; in contrast, there is
no evidence for acoustic plasmons in hole-doped
cuprates, despite extensive measurements9–16.
This contrast led us to investigate whether the
doped holes in cuprates La2−xSrxCuO4 are con-
ducting carriers or are too incoherent to in-
duce collective charge excitation8,15,16. Here we
present momentum-resolved RIXS measurements
and calculations of collective charge response via
the loss function to reconcile the aforementioned
issues. Our results provide unprecedented spec-
troscopic evidence for the acoustic plasmons and
long sought conducting p holes in hole-doped
cuprates.
Early photoemission studies on superconducting
cuprates indicated that the parent compound is a charge-
transfer insulator and therefore conjectured that doped
holes are oxygen p-like17. Theoretically, doped holes are
assumed to enter p orbitals of an O atom between two
Cu atoms, i.e., the Emery model18, or of four oxygen
atoms surrounding one Cu atom to form a spin singlet
termed a Zhang-Rice singlet (ZRS)19. O K-edge X-ray
absorption20 and resonant elastic scattering21 indeed pro-
vided experimental evidence for O p holes but incon-
clusive as to whether the holes are localized or itiner-
ant. In contrast, photoemission intensity at the Fermi
level did not show a resonant enhancement at the O K-
edge22. Many angle-resolved photoemission data23 up to
now have been interpreted based on band structures in
the local density approximation, which predict that Cu
d and oxygen p characters are about equally mixed at
the Fermi level. Alternatively, the single-band Hubbard
and t-J models, in which particular orbital character is
FIG. 1: Crystal structure of LSCO. The stacked CuO2 layers
are highlighted in yellow. The dashed diamond in the CuO2
plane indicates the formation of ZRS.
not considered, have been used. The mobile conducting
p holes are hence hallmarks of hole-doped cuprates, yet
to be experimentally confirmed.
Superconducting cuprates such as La2−xSrxCuO4
(LSCO) have a quasi-two-dimensional (2D) crystal struc-
ture with stacked CuO2 layers as illustrated in Fig. 1.
These systems are expected to exhibit acoustic plasmons
in theory6. The low-energy acoustic plasmons are gov-
erned by the coherent electrons near the Fermi surface
and reflect the collective nature of charge excitations.
Whether they exist in hole-doped cuprates is still an
open question, as strong electron correlations might sig-
nificantly decrease the lifetime of coherent states and
weaken acoustic plasmons8. Recent results of electron
energy-loss spectroscopy show the absence of plasmons
in hole-doped cuprates15,16. Regardless, O K-edge RIXS
provides us with a unique opportunity to resolve this am-
biguity because the doped holes are primarily of O char-
acter rather than Cu.
The mother compound La2CuO4 is an antiferromag-
net, in which the Cu ion has an electronic configuration
3d9 with a hole of dx2−y2 symmetry. The system is a
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2FIG. 2: (a) Scattering geometry of RIXS measurements. The CuO2 plane is perpendicular to the scattering plane defined
by k and k′, which are the wave vectors of incident and scattered X-rays, respectively. The projection of the wave vector
change onto the CuO2 plane, q‖, is parallel to the antinodal direction. (b) O K-edge RIXS spectrum of LSCO. The RIXS
spectrum was taken on the sample at a temperature 23 K and with q‖ = (0.1, 0) and qz = 0.7. The total energy resolution of
the RIXS monochromator and spectrometer was 20 meV. The incident photon energy was set to the absorption to the ZRS
resonance. Inset: XAS spectrum recorded through a fluorescence yield scheme. (c) RIXS intensity distribution map of LSCO
in the energy-momentum space. The wave vector change q is decomposed into in-plane wave vector change q‖ varied along the
antinodal direction and qz fixed to 0.7. RIXS spectra were taken with incident X-ray tuned to the ZRS resonance.
charge-transfer insulator because strong correlation ef-
fects split the conduction band into the lower and up-
per Hubbard bands (UHB). In the hole-doped phase, an-
tiferromagnetic correlations are reduced and a metallic
state appears, as demonstrated in recent band theory
studies24. The X-ray absorption spectrum25 (XAS) of
O K-edge shows that the doped holes are distributed
throughout the O 2px,y orbitals hybridised with Cu 3d
9.
In the viewpoint of a one-band Hubbard or the t-J model,
the O 2p hole denoted L and Cu 3d9 orbitals form a
ZRS, i.e., 3d9L, as illustrated in Fig. 2(a). In the XAS
spectrum of La2CuO4, there exists a prepeak at the ab-
sorption edge arising from the O 2p band hybridised with
UHB. In the hole-doped compounds, a lower-energy peak
labelled ZRS emerges near 528.5 eV, as shown in the inset
of Fig. 2(b); in the under-doped regime, this ZRS inten-
sity grows linearly with hole doping20. That is, hole dop-
ing manifests itself in the spectral weight transfer from
UHB to ZRS as a consequence of electron correlations.
For the O 1s-to-2p resonance, an electron is excited from
the 1s core level to ZRS or UHB; O K-edge RIXS hence
offers unique opportunities to probe the charge dynamics
of hole-doped cuprates.
Figure 2(b) plots a typical RIXS spectrum of hole-
doped cuprate LSCO with the incident photon energy set
to the ZRS feature in XAS. This spectrum includes the
following features: elastic scattering, phonon excitations,
plasmon and para-bimagnon excitations, d-d excitations
and fluorescence. Because of the limited energy resolu-
tion of the RIXS spectrometer, the phonon excitations
were not well resolved from the elastic scattering, giving
rise to an asymmetric and intense peak near the zero en-
ergy loss. Because the O 2p bands are strongly hybridised
with Cu 3d, d-d excitations of Cu and the excitonic ex-
citations of ZRS occur in this RIXS spectrum at an en-
ergy loss above 1.5 eV; these excitation energies overlap
with the energy of resonant fluorescence. Distinct from
the Cu L3-edge RIXS measurements, the O K-edge reso-
nance allows no single-magnon excitation but permits us
to observe even-order spin excitations. The excitation of
para-bimagnons appears in the broad feature at energy
loss centred at about 0.5 eV. This broad feature might
also contain plasmon excitations, depending on the wave
vector change q = q‖ + qz zˆ. q‖ and qz are the in-plane
and out-of-plane wave vector changes, and they will be
expressed in units of 2pia and
pi
d throughout the paper, re-
spectively. Here a is the in-plane lattice constant and d
is the distance between two adjacent CuO2 planes.
To examine whether acoustic plasmons exist in hole-
doped cuprates, we measured q-dependent spectra on
LSCO (x = 0.12). Figure 2(c) maps the RIXS intensity
distribution as a function of in-plane wave vector change
q‖ along the antinodal direction while qz was fixed to
0.7. This measurement method differs from those used
in most of previous momentum-resolved RIXS measure-
ments on cuprates in which qz was not fixed
8,14. In ad-
dition to the quasi-elastic scattering, overall this RIXS
intensity map shows a broad feature that shifts toward
a higher energy with an increasing width as q‖ is in-
creased. After scrutinizing the RIXS data with q‖ near
3FIG. 3: (a) RIXS spectra of LSCO for selected qz with q‖ fixed to 0.04. The spectral lineshape of para-bimagnon excitations
represented by an anti-symmetrized Lorentzian function and the background are plotted in solid and dashed curves, rsepctively.
Para-bimagnon spectra of all qz have the same energy position and width. (b) RIXS spectra after subtraction of the para-
bimagnon component and the background from those shown in (a). The vertical line indicates the shift of acoustic plasmon
energy due to the change of qz. Spectra in both (a) and (b) are vertically offset for clarity. (c) Graphic illustration for the
dispersion relations of selected plasmon bands and the electron-hole pair excitations of a layered electron-gas model (after Ref.
5). The circles indicate the plasmon energy in response to the change in qz while q‖ is fixed.
FIG. 4: (a) Momentum-dependent RIXS spectra of LSCO with qz fixed to 0.7. Colour curves are spectra deduced from
Fig. 2(c), in which the incident X-ray energy was tuned to the ZRS resonance. An anti-symmetrized Lorentzian profile, which
has the same energy position and width for all q‖, is used to generate the spectral lineshape of para-bimagnon excitations. (b)
RIXS spectral after subtraction of the para-bimagnon component and the background from the spectra shown in (a). Vertical
ticks indicate the plasmon energies. Spectra in both (a) and (b) are vertically offset for clarity. (c) Theoretically obtained loss
function for LSCO with hole-doping x = 0.12 along Γ−X in the square Brillouin zone with qz = 0.7. Measured plasmon energies
of LSCO (squares) deduced from the RIXS spectra shown in (b) and those of electron-doped cuprate LCCO of x = 0.175 with
qz = 1.0 (crosses, reproduced from Ref. 7) are plotted for comparison.
the zone centre, we found that the RIXS spectrum of
q‖ = (0.04, 0) contains a low-energy narrow feature near
0.14 eV and a broad feature of para-bimagnon excita-
tion centred at about 0.5 eV, as shown in Fig. 3(a). We
used an anti-symmetrized Lorentzian function to repre-
sent the spectral lineshape of the broad para-bimagnon
excitation. Figure 3(b) plots the spectra after subtrac-
tion of the anti-symmetrized Lorentzian component and
the background from the measured spectra. This plot
shows that the excitation energy of the narrow feature
disperses with the change of qz, i.e., evidence for the
plasmon excitation. We found that the energy of the
low-energy feature decreases by 35 meV as qz is changed
from 0.6 to 1.0. The three dimensional (3D) nature of the
4interlayer Coulomb interaction accounts for the observed
qz-dependence. Figure 3(c) illustrates the dispersions of
the plasmon bands of a layered electron-gas model for
the high-Tc cuprates
5. The plasmon bands are restricted
to be in between two boundary branches of qz = 0 and
qz =
pi
d , which correspond to the in-phase motion of elec-
trons on different planes and the out-of-phase motion on
adjacent planes, respectively. For a given in-plane mo-
mentum, the plasmon energy changes with qz. This ob-
servation indicates that the narrow feature has a plasmon
origin, whereas the broad one does not.
The RIXS spectrum of energy between 0.1 and 1 eV
contains two excitation modes: a qz-dependent acoustic
plasmon and a qz-independent para-bimagnon
26. These
two modes exhibit 3D and 2D characteristics, respec-
tively. Figure 4(a) shows the momentum-dependent
RIXS spectra deduced from Fig. 2(c). As its energy dis-
persion in the q region probed by the O K-edge RIXS is
small26, we fitted the bimagnon component in the spec-
trum of q‖ = 0.02 with an anti-symmetrized Lorentzian
function to obtain the energy and the width for the para-
bimagnon excitations of other q‖. Figure 4(b) plots the
spectra after subtraction of the para-bimagnon compo-
nent and the background and reveals that the energy of
acoustic plasmon monotonically increases from 0.08 eV to
0.76 eV. For small q‖, the acoustic plasmon component is
much sharper than that of the para-bimagnon excitation.
The charge fluctuations near the Fermi surface govern the
plasmon excitations of small q‖. When the q‖ increases,
more incoherent states with reduced lifetime contribute
to plasmon excitations. Consequently, the RIXS spectral
width of acoustic plasmons becomes broadened when q‖
increases, consistent with the dynamics of the electrons
near the Fermi surface.
To verify that the observed collective charge dynamics
follow the energy dispersion and width variation associ-
ated with acoustic plasmons, we calculated the collective
charge response of the system via the loss function. That
is, by incorporating a long-range Coulomb interaction
into the one-band parameterization of LSCO [Ref. 27]
with a hole-doping of x = 0.12, we calculated ε−1(q, ω),
where ε is the dielectric function and q contains both in-
and out-of-plane momentum transfer components, within
the random phase approximation (see Supplementary In-
formation.). The three-dimensionality was incorporated
through inter-plane Coulomb interactions. The loss func-
tion was eventually obtained as −Im(ε−1).
Figure 4(c) shows the calculated loss function for
12% hole-doped LSCO in the paramagnetic phase along
the x-axis in the Brillouin zone with qz = 0.7. The
measured plasmon energies of LSCO are also shown
for comparison. The obtained plasmon dispersion of
LSCO is similar to that of electron-doped cuprate
La2−xCexCuO4 (LCCO)7. Our results, however, indicate
that the plasmons of holed-doped cuprates are strongly
damped and have a broader spectral width than those
of electron-doped cuprates, which have weaker electronic
correlations28,29. The dispersion of a clear acoustic-like
plasmon excitation is seen to extend from near zero at
the zone centre Γ to almost 1 eV at X. The slight gap
at q‖ = (0, 0) is due to the finite interlayer momentum
transfer27,30 in accord with the observed dispersion. Fur-
thermore, as q‖ extends away from the zone centre, the
width of the plasmon peak broadens, consistent with the
Landau quasi-particle picture in which the plasmon peak
becomes incoherent as the dispersion enters the particle-
hole continuum. The agreement between our data and
theory thus strongly supports the proposal of attributing
the zone centre mode to acoustic plasmon excitations.
The observation of acoustic plasmons in LSCO sheds
light on the nature of the conducting carriers of hole-
doped cuprates. Through RIXS measurements with the
incident X-ray energy set to ZRS or UHB, one can differ-
entiate the contributions of doped p holes to the acoustic
plasmons from those contributed by d holes. Our data
demonstrate that O K-edge RIXS spectra measured with
the X-ray absorption energy set to UHB show weak fea-
ture of acoustic plasmons, in sharp contrast with the data
through the resonance to ZRS (see Fig. S1 in Supplemen-
tary Information.) These results unravel that the con-
ducting carriers in LSCO are of p character rather than
d character. Similarly, one can expect that O K-edge
RIXS of electron-doped cuprates exhibits weak feature
of acoustic plasmons. In short, our finding that acoustic
plasmons exist in hole-doped LSCO therefore lends sup-
port to crucial spectroscopic evidence for the conducting
p carriers in LSCO for the first time.
Methods
The LSCO single crystals with x = 0.12 were grown
by the traveling-solvent floating zone method31–33. After
growth, the crystals were annealed properly to remove
oxygen defects. The value of x was determined from an
inductively-coupled-plasma atomic-emission spectromet-
ric analysis.
O K-edge RIXS measurements were conducted at a
newly constructed AGM-AGS spectrometer34 of beam-
line 41A at Taiwan Photon Source in National Syn-
chrotron Radiation Research Center (NSRRC), Taiwan.
RIXS spectra were recorded with σ polarized incident
X-rays and the sample was at 23 K. Before RIXS mea-
surements, a clean sample surface (001) was obtained
on cleaving the sample in air. The instrument energy
resolution was ∆E ≈ 20 meV FWHM for all the RIXS
measurements. All RIXS spectra were normalized to the
fluorescence intensity. See Supplementary Information
for the experimental setup.
We calculated the loss function in terms of the one-
band Hubbard model with the full long-range Coulomb
interaction carefully taken into account27,35. See Supple-
mentary Information for the details.
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O K-edge RIXS Measurements
O K-edge resonant inelastic X-ray scattering (RIXS)
measurements were conducted at AGM-AGS spectrom-
eter of beamline 41A at Taiwan Photon Source in Na-
tional Synchrotron Radiation Research Center, Taiwan.
This AGM-AGS beamline has been recently constructed
based on the energy compensation principle of grating
dispersion. The instrument has a best energy resolu-
tion of 16 meV at full width half maximum (FWHM)
at 530 eV photon energy. The spectrometer angle 2θ can
swing a wide angle from 17◦ to 163◦. The La2−xSrxCuO4
(LSCO) sample was cleaved in air and mounted on the 3-
axis in-vacuum manipulator through a loadlock system.
Prior to RIXS measurements, the crystallographic axes
were precisely aligned with hard X-ray diffraction using
a special holder with tilting adjustment. X-ray absorp-
tion spectrum was measured using a photodiode in the
fluorescence yield mode. The resonant conditions were
achieved by tuning the energy of the incident X-ray to
the maximum near the Zhang-Rice singlet (ZRS) feature
in O K- edge absorption peak, around 528.3 eV. Sample
was cooled to 23 K with liquid He. RIXS measurements
were carried out as a function of in-plane wave vector
change q‖ = (q‖, 0) 2pi/a with qz fixed at 0.7 pi/d, where
d is the distance between two adjacent CuO2 planes. q‖
was varied from (−0.2, 0) 2pi/a to (0.2, 0) 2pi/a in steps
of 0.01 and RIXS spectra were measured for each q‖ with
1 hour exposure time. We also measured qz dependence
of plasmon excitations with fixed q‖ = (0.04, 0). RIXS
spectra for qz= 0.6 pi/d, 0.7 pi/d and 1.0 pi/d were mea-
sured for each q‖ with 4 hour exposure time. The total
energy resolution was ∆E = 20 meV FWHM for all the
RIXS measurements with the monochromator exit slit
set to 100 µm. For the details of the RIXS beamline see
this link: TPS 41A.
RIXS Measurements with UHB
RIXS measurements with the incident X-ray energy set
to ZRS or UHB provide us with an opportunity to differ-
FIG. S1. Momentum-dependent RIXS spectra of LSCO
with qz fixed to 0.7
pi
d
. q‖ has units of 2pia . Colour curves are
spectra deduced from Fig. 2(c), in which the incident X-ray
energy was tuned to the ZRS resonance. Grey curves: RIXS
spectra taken with the incident X-ray energy tuned to the
UHB resonance.
entiate the contributions of doped p holes to the acoustic
plasmons from those contributed by d holes. We com-
pared RIXS spectra with the X-ray absorption energy
set to ZRS and UHB (529.9 eV) for q‖ from (0, 0) to
(0.2, 0) with qz fixed to 0.7 pi/d. Figure S1 shows the
momentum dependent O K-edge RIXS spectra of this
comparison. Colour spectra corresponds to ZRS, while
the spectra shown in grey are measured with UHB. It
is evident that the RIXS spectra measured with the X-
ray absorption energy set to UHB show weak feature of
acoustic plasmons.
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Theoretical Details
The loss function in the charge channel is proportional
to
−Im(ε−100 ), (1)
where ε−100 is the inverse dielectric function. Therefore,
peaks in the loss function mark the presence of collective
charge modes, or plasmons [1]. To construct the inverse
dielectric function we follow Ref. 2, where it is defined
as
ε−1IJ = [δNL − vNKPKL]−1IJ . (2)
I(J) = 0 index the charge components, while I(J) ∈
{x, y, z} denote the various spin channels. By assuming a
non-interacting ground state and taking the vertex to be
the identity, ε−1IJ is the RPA dielectric function and PKL
the Lindhard polarizability. Since electronic dispersion
is local-density-approximation-like for x=0.12 [3]. we use
the single-band electronic dispersion εk given in Ref. 4.
To generate acoustic plasmons we must go beyond the
usual Hubbard limiting case and consider the full long-
range Coulomb interaction. Moreover, the treatment of
the long-range Coulomb interaction for the correlated
electronic system in a layered structure requires some
care. We model v(r) as
∑
i v¯(Ri)δ(r−Ri), so that v(q) =∑
i v¯(Ri) exp(−iq ·Ri). v¯(Ri) is taken to be an on-site
Hubbard U = 2 eV [Ref. 4] for Ri = 0 and a screened
Coulomb interaction contribution v¯(Ri) = e
2/(ε0Ri) for
Ri 6= 0, using a background dielectric constant ε0 = 6.
To recover the correct q → 0 limit of v(q) we range
separate v(r) into short-range (SR) and long-range (LR)
pieces. For the short-range interactions where r less than
or equal to a cut-off L we sum the contributions of all in-
plane Cu terms. The remaining long-range component
(r > L) we approximate by a continuum. Then after
summing over the interplane contribution we arrive at
the following expression for v(q) [5, 6],
v(q) = vSR2d (q) + v
LR
2d (q) + vz(q), (3)
where
vSR2d (q) = U +
L∑
i 6=0
e2
ε0Ri
e−iq·Ri , (4a)
vLR2d (q) =
2pie2
ε0a2q‖
[
1− q‖LJ0(q‖L)
piq‖L
2
(
J0(q‖L)H1(q‖L)− J1(q‖L)H0(q‖L)
)]
, (4b)
vz(q) =
2pie2
ε0a2q‖
[
cos(qzc)− e−q‖c
cosh(q‖c)− cos(qzc)
]
. (4c)
a and c are the lattice parameters of La2CuO4 [7, 8] and
the short-range cut-off is 500a. Then by inserting v(q) in
Eq. 2 we obtain the loss function as shown in Fig. 4(b).
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